The D-alanine carboxypeptidase of Bacillus subtilis is a particulate enzyme that is irreversibly inactivated by penicillins and cephalosporins. However, the lethal concentrations of these antibiotics are not the same as those that inhibit enzymatic activity in vitro. 6-Aminopenicillanic acid inactivates at least 95% of the enzyme at nonlethal concentrations. Conversely, cephalothin is lethal at concentrations that do not inactivate the enzyme. Experiments with intact, growing cells confirm the results obtained in vitro. Therefore, a killing site distinct from the carboxypeptidase must be postulated.
Crosslinking of two peptide chains coupled to the release of D-alanine from the end of one of the chains is a tenninal reaction in bacterial peptidoglycan synthesis. This reaction, catalyzed by a transpeptidase, is hypothesized to occur in two steps (1) . First, the enzyme displaces D-alanine from one peptide chain to form an acyl-enzyme intermediate. Then, the acyl group is transferred to an amino group in a second peptide chain, regenerating the enzyme and forming the peptide crossbridge. The transpeptidase was first demonstrated in cellfree preparations from Escherichia coli in which it is particulate and irreversibly inhibited by penicillin G and other ,3-lactam antibiotics (1) .
A second enzymatic activity, that is catalyzed by a D-alanine carboxypeptidase, is similar to that of the transpeptidase in that D-alanine is released from the end of the peptide chain. However, crosslinking does not occur. This second activity could reflect assay of the transpeptidase under conditions in which water, rather than an amino group in the peptide acceptor, displaces the enzyme from the postulated acyl-enzyme intermediate. It could alternatively represent an independent activity whose function might be, for example, to limit the degiee of crosslinking. In E. coli, this enzyme is soluble and reversibly and competitively inhibited by penicillins (1) . However, in Bacillus subtilis, this carboxypeptidase is particulate and inactivated by penicillins, suggesting that it could be an uncoupled transpeptidase (2) .
The results presented in this paper show that 6-aminopenicillanic acid inactivates the B. subtilis carboxypeptidase without killing cells and, conversely, that cephalothin kills cells without inactivating this enzyme. They therefore argue against the hypothesis that the D-alanine carboxypeptidase of B. subtilis is an uncoupled transpeptidase.
MATERIALS AND METHODS
The organism used in these studies was Bacillus subtilis strain Porton. It was routinely grown in Difco antibiotic medium 3 at 370C and harvested in mid-logarithmic phase. Cloxacillin, penicillin G, and penicillin V were gifts of the Squibb Institute for Medical Research and cephalothin was a gift of Eli Lilly and Co. 6-Aminopenicillanic acid (6-APA) was purchased from Sigma and penicillinase from Calbiochem. The inhibitory concentrations of penicillins and cephalosporins for B. subtilis were normally determined from the reduction in the number of viable colonies formed on plates containing these antibiotics (3) .
Assay of the Carboxypeptidase. A particulate membrane fraction was used for assays of the carboxypeptidase (2). The assay was carried out in 0.2 M cacodylate buffer, pH 6.0 for 30 min, with UDP-MurNAc-peptapeptide labeled in both terminal D-alanine residues as substrate and was modified by use of 10 mM Zn++ in lieu of Mg++. For measurement of the rates of inactivation of the carboxypeptidase by penicillins in vitro, 5 ,l of penicillin solution (pH 7.5) was incubated at 25°C with 5 ,ul of particulate enzyme for a predetermined time. 5 pl of penicillinase (at 40-520 units/,ul) was immediately added and incubation was continued for 5 min. The enzyme was then assayed as above, except when 6-APA was the inhibitor in which case the assay time was reduced to 5 min for reasons discussed below.
For measurement of rates of inactivation of carboxypeptidase in whole cells, cells were treated with penicillin, then made permeable by toluene treatment and assayed as above. Aliquots of cells in culture (5 ml) were centrifuged down, washed once in 0.05 M Tris buffer (pH 7.5), and resuspended in 0.5 ml of buffer. Toluene (15 ,ul) was added and the cells were mixed intermittently for 10 min while they were kept at 00C. They were washed again in buffer and aliquots were assayed as above. The toluenization procedure (first used by Dr. T. Kamiryo) made it possible to assay carboxypeptidase activity far more easily and rapidly in multiple samples than if a particulate enzyme fraction was first prepared. The recovery of carboxypeptidase activity per gm of cells was about 5 times better for toluenized cells than for the particulate enzyme preparation. However, since its specific activity was one-tenth that of the particulate enzyme, low recovery of particulate enzyme probably accounts for this difference in total activity found. 2814
Abbreviation: 6-APA, 6 -aminopenicillanic acid.
The activity of the particulate enzyme preparation was 3 X 104 cpm released/min/ml for 13-14 ml of enzyme prepared from cells from 1 liter of culture (1.5 g, wet weight) (specific activity, 7.5 X 104 dpm/min/mg of protein). The corresponding activity for the enzyme prepared from toluenized cells was 8.3 X 104 dpm/min/ml for 0.12 ml of enzyme prepared from cells from 5 ml of culture (specific activity, 7.6 X 103 dpm/min/mg) (75 dpm = about 1 pmol of alanine). E + P E -E-P -a EP, [1] where E = enzyme, P = penicillin, t = time, E-P is a reversible complex between enzyme and antibiotic in which K, = (E) (P)/(E-P), EP is an irreversible complex formed from E -P with rate constant k3, then the rate of irreversible inactivation is described by the following equation (4) provided that P >> E In (total enzyme/active enzyme) = k3-P-t/(Ki + P). [2 For the special case where P << K, (i.e., at low penicillin concentration), the expression simplifies to
In (total enzyme/active enzyme) = (k3/KI) P t [31 and, of course, where P >F K1 (i.e., at high penicillin concentrations) in (total enzyme/active enzyme) = k3t.
[4]
When the total enzyme/active enzyme is plotted on a logarithmic scale as a function of antibiotic concentration X time for several 3l-lactam antibiotics, straight lines are obtained, in agreement with Eq. [31 (Fig. 1) . The rates of inactivation [3] . The time of incubation of antibiotic with enzyme before the addition of penicillinase was either 5 min (penicillins G and V, 6-APA) or 10 min (cloxacillin and cephalothin).
(i.e., k3/KI, the slope of the line in Fig. 1 ) for various penicillins and cephalosporins are summarized in Table 1 . Since straight lines were obtained for all of these antibiotics, the assumption that K, for all of these substances is much greater than the antibiotic concentration used (the assumption of Eq. [3] ) must be correct. Since inactivation is a function of antibiotic concentration X time, it is relatively meaningless to refer to an antibiotic concentration that gives a certain degree of inhibition without reference to the time of exposure. The inactivation is fully irreversible over the periods of 30 min or less used in the assay. However, different penicillins differ in the rate at which enzyme is regenerated from EP by hydrolysis to E and P' (presumably a penicilloic acid). No appreciable activity is recovered during several days at 6VC with penicillin G and cephalothin. However, with cloxacillin, 50% hydrolysis occurs in 68 hr and with 6-APA, 50% hydrolysis occurs in 14 hr. The rate of hydrolysis of the 6-APA derivative of the enzyme is sufficiently rapid that it needs to be taken ii to account during enzyme assay.
Sensitivity of B. subtilis to antibiotics It is of some interest to compare the value of antibiotic concentration X time required for inactivation of the enzyme to the same value required for killing of the cells. The latter value was estimated as the concentration of antibiotic required for 50% reduction in viable colonies, as measured in the plating assay, times the doubling time of 30 min. It is compared in Table 1 to the value that gives 50% inhibition of the enzyme in 30 min. In the case of cephalothin and cloxacillin, the value of gg/ml X min required for inhibition of the enzyme is over 1000-times greater than the value required for killing of the cells. One is, therefore, forced to postulate either that the site for killing is far more sensitive than is the carboxypeptidase (i.e., the killing site is not the carboxypeptidase) or else that in vitro determinations of enzyme sensitivity do not reflect the sensitivity of the enzyme in intact cells.* On the other hand, the values of sg/ml X min for killing of cells and for inhibition of the enzyme by 6-aminopenicillanic acid were very similar. It thus seemed possible that the carboxypeptidase was the killing site for 6-aminopenicillanic acid and, therefore, that the killing sites for 6-APA and cephalothin or cloxacillin were different. Alternatively, it was possible that the killing site for 6-APA was identical to that for the other substances and that this site had the same sensitivity to 6-APA as did the carboxypeptidase by coincidence.
Isolation of a 6-APA-resistant mutant
In order to approach this question, single-step mutants were isolated that were resistant to higher concentrations of 6-APA; this resistance was not due to enhanced production of a penicillinase. The inhibiting concentration of 6-APA for mutant AP-Al was 23 ,g/ml (compared to 5.5 ,ug/ml for the parent) although the sensitivity of its carboxypeptidase to 6-APA was identical to that of the parent. Therefore, the calculated values for killing (700 ,g/ml X min) and for inhibition of carboxypeptidase (200,ug/ml X min) were different, suggesting again that the carboxypeptidase may not be the site of the lethal action of this substance. In any case, the resistance of the organism was not reflected by any change in the sensitivity of the carboxypeptidase. [6] where Ei(t) is the amount of inactivated enzyme at time t.
For the initial condition (no inhibition at time 0) when one first adds antibiotic, the solution of the equation is EF(t) = ET(0)* exp(kst)* ks )
where EF(t) = ET(t) -Ei(t). The ratio of active enzyme, EF(t), to total enzyme, ET(t), in the presence of antibiotic is then:
where a is (k3/K1) (PIk8)).jt The solid line in Fig. 2 is the graph obtained from the equation at various concentrations of 6-APA (P), the value of k3/K1 for the inhibition of the enzyme by 6-APA in vitro ( (2) and the soluble D-alanine carboxypeptidase of Streptomyces (6, 7) could be uncoupled transpeptidases. That is, if the postulated acyl-enzyme intermediate formed in the transpeptidation reaction can be attacked by water, then hydrolysis would occur and the over-all reaction would be that of a D-alanine carboxypeptidase rather than a transpeptidase. The present experiments with B. subtilis indicate that the killing site is distinct from the carboxypeptidase. Therefore, if the killing site is the transpeptidase, the transpeptidase in B. subtilis cannot be the carboxypeptidase. Various physiological data suggest that the inhibition of transpeptidase is closely related to killing (1). It seems likely, however, that only genetic information showing whether or not the carboxypeptidase and transpeptidase can mutate independently will finally resolve the question of their identity or nonidentity. It remains an unlikely possibility that the particulate carboxypeptidase and the transpeptidase are products of the same gene, but that some modification in state or structure of some of the protein after synthesis (e.g., by limited proteolysis) alters both its catalytic activity and its sensitivity to penicillin. This question is currently under study.
